Abstract. We present a detailed investigation of the manipulation of Ag and Au atoms with a STM tip on the Ag(111) surface at 5K. The interpretation of the feed-back loop signal gives a precise picture of the movement of the atom during manipulation. The threshold tunnelling resistance and tip-height to move a Au/Ag atom have been determined using automated manipulation measurements. The results show that at low biases chemical forces dominate in the manipulation process. Above ≈ ±70 mV tunnelling voltage Au atoms start to move already at greater tip-atom separation, which can be attributed to a current effect. Tip-induced diffusion was used to measure the influence of the electric field which can be ruled out at low biases.
Scanning tunnelling microscopy has been used to manipulate single atoms, small molecules as well as larger molecules and parts of them [1] [2] [3] [4] [5] . Even application of manipulation as a local analytic and synthetic chemistry tool has been demonstrated [6] . Lateral manipulation of single metal atoms has been successfully applied to position atoms for the construction of artificial assemblies on desired atomic sites [7] [8] [9] (Fig. 1) . Manipulation of high coordinated metal atoms is possible [10] as well as the formation of close-packed atomic lines [11] . Although striking experiments have been done using lateral manipulation of metal atoms the knowledge about the tip-atom interaction is limited. Here results of the investigation of the manipulation parameters will be given, confining the ranges where chemical forces, current effects or field effects are dominating.
ATOM MOVEMENT DURING MANIPULATION
The lateral manipulation technique involves several basic steps: The tip is positioned above the atom, lowered towards it, then the tip is moved together with the atom to its final position and eventually retracted back to imaging height. During the movement of the tip the feed-back loop signal is recorded. These tip-height or manipulation curves have characteristic profiles depending on the nature of interaction and tip-atom separation [4, 13] . Thereby three manipulation modes can be distinguished: Pulling and pushing modes are observed in case of attractive or repulsive interactions. The atom moves thereby in a discontinuous manner, hopping from one atomic site to another. Upon re- duction of the tip-atom separation the atom follows the tip instantaneously and moves in a continuous motion, the so-called sliding mode.
On the close-packed metal surface the direction of the adparticle movement can be chosen freely and here the manipulation mode additionally depends upon the direction (Fig. 2) . The manipulation curves from the lateral manipulation of Ag atoms on a Ag(111) surface display therefore additional features. The φ = 0 • signal shows a pulling mode with single site hops of the atom along a close-packed row. At φ = 5 • , the smaller steps in the center of the curve are due to fcc-hcp site jumps of the atom. In the φ = 10 • curve two series of small steps are separated by large steps in between, a similar situation as at the previous angle. At φ = 15 • and φ = 20 • , the periodic appearance of the deep minima in the tip-height signal is due to a jump of the atom to the next close-packed row to follow the tip. The φ = 30 • signal includes two consecutive bumps with 0.18 nm apart followed by another two bumps at a distance of 0.33 nm. The surface geometry along this path includes repeating units of three hollow sites. First the atom moves in a sliding mode between the first two sites. Then instead of moving directly to the next site the atom moves in a semicircle around the tip to end up in front of it. At φ = 25 • the manipulation signal includes both, the structures of φ = 20 • and 30 • [13] . To conclude on fcc(111) metal surfaces a sudden transition from the pulling mode to a sliding mode in the [211] direction can be observed.
This detailed picture of the movement of the atom during manipulation was achieved with the aid of simulations [14] . Thereby the atom moves in a local potential minimum on the surface. This potential is the sum of the surface potential and the tip potential. The first one can be expressed by the migration barrier, the latter one describes the direct interaction via chemical or electrostatic forces. The local potential minimum is not identical with the adsorption site -in the limit of close tip-atom separation this minimum resides always below the tip resulting in the sliding mode. The atom is slowly pushed/pulled by the tip out of the adsorption site until it jumps into the next local potential minimum. The jump to the next potential minimum proceeds on a time-scale of ps [15, 16] whereas typical tipspeeds are of the order of 5 -25 Å/s.
THRESHOLD MEASUREMENTS
To determine the parameters necessary to move an atom the current and voltage have been varied between ±55 mV and ±1000 nA. The measurements were done in an automated setup where a single Ag atom is imaged in an area of (60 x 60) Å. After automatically locating the position of the atom the program selects a random final location at a fixed distance of 22 Å from the initial atom's position and the tip is moved along this chosen path. For each chosen tunnelling voltage, the atom manipulations were performed by using tunnelling currents ranging from 8 to 1000 nA. For each set of current and voltage values 24 manipulation processes were done. Fig.3a shows a plot for the probability of a successful atom manipulation versus tunnelling current at -45 mV bias. At this voltage, the probability of a successful atom manipulation changes from 0 below 150 nA to 1 above 300 nA and the average threshold current is determined as 200 nA. By changing the bias voltage, the entire measurement procedure is repeated. An extensive set of 3857 computer-automated measurements has been taken for the tunnelling voltage ranging from ±10 to ±55 mV. Evaluation of these measurements yields the minimum current necessary to move the atom as a function of the tunnelling voltage averaged over all surface directions. The threshold has been determined numerically by fitting an empirical stepfunction 1 + 10 α(r−r 0 ) −1 to the data with the width α and the position of the threshold r 0 (Fig.3b) . Fig.3c depicts the results, which clearly display a linear dependence between the tunnelling voltage and the threshold current, independent of the bias polarity. Each data point in Fig.3c is determined by using curves like in Fig.3ab . This linear relationship unambiguously reveals that the tunnelling resistance is the ultimate matter to move an atom within the bias range used in this experiment. At these voltages, the influence of the electric field and the tunnelling current is negligible in the manipulation process as will be shown below. From the slope of the curve in Fig.3c , a tunnelling resistance of (184 ± 8) kΩ has been measured.
To assign the tunnelling resistance to a tip-atom distance, I-Z measurements on the terrace have been taken. Fig.4a displays a typical result showing an abrupt change of the tunnelling current around 4.2 Å. This distance denotes the point where the tip jumps into contact with the surface. I-V spectra taken subsequently at this point reveal an ohmic relation. A number of measurements yield an average value of (16.3 ± 6.3)kΩ as expected for a point contact [17] . Substantial deformations of tip and surface are theoretically expected at these close distances resulting in strong current enhancements before this point [16, 18] . Images taken after the I-Z spectra however showed that typically a single atom or small cluster was left on the surface indicating that the change of the current origins here in a discontinuous structural change of the tip apex. In the following it will be assumed that this position is approximately equivalent to the one of the adsorbed atom to be manipulated (inset of Fig.4) .
Finally I-Z spectra were taken also over the Ag atom to determine the tip-atom distance during manipulation. As a result the measured threshold tunnelling resistance of (184 ± 8) kΩ can be assigned to a center-to-center tip-atom distance of (1.9 ± 0.2) Å (Fig.4b) . This value is expected to be a lower limit since substantial relaxations of tip and surface occur at these distances. In this range chemical bonds are formed due to a large overlap of the atomic orbitals. Therefore metal adhesion forces are dominating in this voltage and current regime which would allow the same kind of manipulation experiment to be performed with an atomic force microscope. Such short-ranged forces have been measured directly by mounting a Au sample onto a cantilever and approaching a tungsten tip vertically [19] . In this experiment the tip apex was terminated with a tungsten trimer which showed to be stable at even much closer distances. As the tipatom separation is reduced below ≈1.3 Å in the manipulation experiment presented here tip changes occur or the adsorbed Ag atom is picked up.
The threshold is not solely dependent on the tip-atom interaction but depends on several parameters. In Fig.3ab the vertical axes show the pathlength of the atom normalized to the length of the tip path. This is at the same time the probability that the atom moves a distance L by using lateral manipulation (here L=25 Å).The probability to proceed n lattice sites amounts to f (n) = c · (1 − p) · p n (= p m ) where p is the probability for a single jump for n=1,...,m-1 (=L/a 0 ≡m) and the normalization c. This gives a normalized mean pathlength ofn/m = ∑ f (n) · n/m as displayed in Fig.3ab . A threshold of 0.5 corresponds then to a single jump probability of p=0.84 (m=8). Therefore the threshold is a function of the tip path length. As the tip moves along its path the potential barrier to adjacent sites is reduced. As this barrier is of the order of k B T the manipulation process becomes a thermally activated process with a probability ≤1. Therefore the probability is also a function of the temperature and the resident time over the atom, which is determined by the tip speed during the manipulation (here 8 Å/s).
FIELD AND CURRENT EFFECTS
The current thresholds to move a Au atom on a Ag(111) surface have been measured for a larger range of voltages (Fig. 5a ) (tip path length 58 Å at a speed of 23 Å/s). Below ± 70 mV a linear dependency has been observed, the tunnelling resistance of (130± 10) kΩ corresponds to a lower limit of the tip-atom distance of (1.1 ± 0.1) Å. Above these voltages the atom moves already at larger tip-atom separation e.g. at ±140 mV at (1.5 ± 0.2) Å. Here possible current and field effects [20, 21] shall be discussed. In Fig.5b the mean displacement of Au atoms as a function of tunnelling voltage is displayed. The single Au atoms showed a hopping of single lattice constants length as they were imaged with currents ranging from 2 -20 nA and the indicated voltages. With increasing voltage the hops proceeded not only directly below the tip but also at distances greater than 10 Å, a preferential direction could not be determined. Since the atoms were unaffected at low voltages using much higher currents we attribute the hopping to an effect of the electric field. This hopping is induced by the electric field but thermally activated since the hopping probability is below one. The field strength on the surface has been calculated from the tunnelling voltage and the tip-surface separation after [22] and is shown on the upper horizontal scale in Fig. 5b . The height was thereby calibrated by I-Z measurements (Fig 4) , taking into account the reduction of the apparent barrier height at higher voltages.
The electric field − → F is acting on static multipolar moments of the atom as well as on the multipolar polarizability of the atom and the surface. It causes three effects: (1) A homogeneous field can increase/decrease the migration barrier if the field is negative/positive [21, 23] . Since the field just below the tip is rather constant this effect dominates under the tip [24, 25] . (2) A field-gradient results in an increase/decrease of the migration barrier for a hopping away from/towards the tip for a negative/positive bias applied to the sample [21, 24, 25] . (3) The field induces a surface relaxation [22] and the surface also becomes polarized [24, 25] .
By taking an expansion of the energy to second order as a function of the electric field
.. one can assign − → µ to the adsorbates static dipole moment and α to the adsorbates polarizability [21] . The surface symmetry gives three possible directions for the hopping as the tip is sweeping over the atom. In case of one possible diffusion path the mean displacement takes the form exp(−∆E/k B T ). The analysis of the data for negative polarity yields then a negligible dipole contribution and α = (0.23 ± 0.03) × 10 −40 m 2 C 2 J −1 which is 4 % of the free-atom polarizability. Although rather low this confirms earlier observations for single metal atoms adsorbed on a W(110) surface where the measured poarizabilities were found to be well below the freeatom polarizabilities [26] . The measured values differ from the free-atom polarizability due to the screening by surface charges and a charge transfer between the adatom and the substrate plane. At positive voltages the displacement is strongly increased and reaches a maximum at +3.4 V. At this energy the "Au 6s" resonance alters the elecrostatic response e.g. the resonantly tunnelling electrons can be regarded as temporarily hopping onto the Au atom, forming a transient negative ion [27] . Interestingly Ag atoms showed to be unaffected in the same experiment. The freeatom polarization of Ag and Au atoms are comparable whereas the imaged heigths in STM are 1.0 Å for Au and 1.3 Å for Ag atoms, indicating different atom-surface plane distances and therefore dipole moments and polarizabilities.
Regardless of the order to which the functional form of the energy is taken an energy of maximum ≈ 0.3 meV is induced by the electric field during the lateral manipulation at ± 140 mV. Within these estimations an electric field effect in the threshold measurements can therefore be ruled out.
The high current densities present in STM have been proven to be sufficient to induce the desorption of atomic hydrogen from a Si surface [28] and to reversibly transfer single Xe atoms between surface and tip [29] by multiple-vibrational excitation through inelastic electron tunnelling [30] . The amount of deposited energy depends critical on the vibrational lifetime. This relaxation of the atom-surface vibrations occurs by energy transfer to substrate phonons. An estimation in a simple model where the metal is treated as an elastic continuum driven by the vibrating Au (Ag) atom [31] yields τ 11 (20) ps and 120 (70) fs for a vibration parallel and perpendicular to the surface. The values for a vibration parallel to the surface are comparable to the estimated lifetime of Xe on a Ni surface [30] and permit multiple vibrational excitations to occur with the currents used in the experiment. The resulting hopping rate depends further upon the potential energy barrier to be overcome which is the migration barrier reduced by the chemical tip-atom interaction. This potential energy barrier can be estimated as follows. As pointed out above the manipulation is a thermally activated process. Whereas in the linear regime of the threshold measurements (Fig.5a ) the directional diffusion of the atom is driven by the substrates temperature of 5 K, this is not the case in the nonlinear regime of the threshold values where the bond is substantially heated. The threshold of (130± 10) kΩ in the linear regime corresponds to a probability of p=0.93 per single site jump. At a speed of 23 Å/s the tip resides 0.13 s over the atom resulting in a lower limit of the hopping rate of υ = 7.15 s −1 . With an attempt frequency of υ 0 = 1.25 × 10 12 Hz [32] we estimate a potential energy barrier of k B · T · ln(υ/υ 0 ) 11.2 meV. Doing the same for the threshold in the nonlinear regime at 230 kΩ (p=0.01) yields a potential energy barrier of 13.1 meV. The considered small change in energy has a strong impact on the rates since it is large compared to thermal energies. Following [28] this barrier gives the observed hopping rates for an effective bond temperature of 6.1 K corresponding to an inelastic tunnelling fraction of 7 × 10 −5 . Together with the rather high currents of up to 600 nA the mechanism of multiple-vibrational excitation can explain our experimental observation. Recent measurements for the manipulation of Au atoms on Ni(111) again show a deviation from the linear dependency of the threshold currents and confirm the observations presented here.
SUMMARY
In conclusion we have determined the ranges where chemical forces, electric field or current effects dominate atom manipulation and we have given a detailed picture of the atomic movement during the manipulation process. The shown experiments yield also important information for friction measurements on the atomic scale.
